
Comparative analyses of the studies of magnetic
fields and cancer in electric utility workers: studies
from France, Canada, and the United States

Leeka I Kheifets, Ethel S Gilbert, Stanley S Sussman, Pascal Guénel, Jack D Sahl,
David A Savitz, Gilles Thériault

Abstract
Objectives—To summarise and to facili-
tate comparison of three major studies of
electric utility workers that examined the
relation between quantitative measure-
ments of occupational exposure to mag-
netic fields and risk of brain cancer and
leukaemia. These studies have been inter-
preted as providing conflicting evidence.
Methods—A common analytical approach
was applied to data from the five cohorts
included in the three studies based on
original data from four of the cohorts, and
published data from one additional co-
hort. A nested case-control design with
conditional logistic regression was used to
estimate the relative risk/10 microtesla-
years (µT-years) for each of the contribut-
ing cohorts and for the combined data.
The homogeneity of these estimates
among the studies was also evaluated.
Results—Apparent inconsistencies in the
findings of these studies can be explained
by statistical variation. Overall, the stud-
ies suggest a small increase in risk of both
brain cancer and leukaemia. DiVerent
methodological choices had little impact
on the results. Based on a combined
analysis of data from all five studies, the
relative risk/10 µT-years was 1.12 (95%
confidence interval (95% CI) 0.98 to 1.28)
for brain cancer, and 1.09 (95% CI 0.98 to
1.21) for leukaemia.
Conclusions—The combined estimates
seem to provide the best summary meas-
ures of the data from all studies. However,
fluctuations in risks among studies may
reflect real diVerences, and the exposure
measurements in diVerent studies may
not be entirely comparable.
(Occup Environ Med 1999;56:567–574)
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Many epidemiological studies have examined
the association between occupational expo-
sures to electric and magnetic fields (EMFs)
and cancer, most notably brain cancer and
leukaemia.1 Some of these studies have re-
ported positive associations with employment
in “electrical occupations.” These studies have
often had limitations, including a broad,
non-specific definition of electrical occupa-
tions, no quantitative measurements of expo-
sures to EMFs, relatively few cases of disease,

and lack of information on other workplace
exposures that might act as confounders.2 3

More rigorous case-control and cohort stud-
ies have been conducted for workers in the
electricity supply industries with a specific
focus on occupations with high potential for
exposure to EMFs. Of special interest are three
occupational studies of electric utility
workers.4–6 These studies incorporate several
methodological improvements, including ex-
tensive exposure measurements, moderate to
large sample sizes, and control of potential
confounding by other workplace exposures.
Due to their focus on electric utility employees
and extensive eVorts to develop quantitative
individual exposure measurements, these stud-
ies aVord a unique opportunity to obtain a bet-
ter understanding of both exposure and cancer
risks among workers in the electric utility
industry. However, despite improvements in
study quality, results are seemingly inconsist-
ent, with one study finding a higher risk of
leukaemia6 and another of brain cancer,5

whereas the third is largely negative.4

To increase the collective value of these
studies, we conducted a comparative reanalysis
that focused on exposure to magnetic fields
and included only leukaemia and brain cancer
as outcomes. The objectives of this analysis
were to facilitate comparison of results among
studies by applying common statistical meth-
odology; to assess whether diVerences in statis-
tical methods might explain apparent incon-
sistencies in results; to evaluate to what extent
statistical variation might explain results; and
to summarise and further explore patterns of
risk in cohorts. The numerous diVerences in
how the data were collected and analysed raise
the possibility that reported diVerences could
be artifacts. By following the same analysis plan
for all the data sets and by emphasising results
based on quantitative measures of exposure, we
tried to minimise the diVerences due to varying
measurement and statistical approaches. Also,
we provide results of a combined analysis of
these studies.

Materials and methods
All studies with adequate quantitative data
published at the time of initiation of this project
were included in the analysis. The cohorts
included in our analyses were workers at
Southern California Edison (SCE),4 workers at
five utilities in the southeastern United States
(UNC),5 and workers in Canada and France.6

Three additional studies of utility workers have
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been published7–9; they were not included due
to either lack of detailed measurement data7 or
insuYcient time since publication for
inclusion8 9; studies that were not based on
utility workers10 were also excluded. Because
the three cohorts in the Canada-France study
(Electricite de France (EdF), Ontario Hydro
(OH), and Hydro Quebec (HQ)) were defined
and followed up diVerently, we decided at the
outset to carry out a separate analysis for each
of the three cohorts rather than pool the data.
The principal investigators of the OH study
chose not to collaborate in this project; thus we
had to rely only on the published data for the
OH cohort.

DESIGN ISSUES IN COMPARATIVE ANALYSES

For the comparative analyses, several steps
were taken to make the studies as comparable
as possible. Firstly, to arrive at a common
cohort definition, all analyses were restricted to
men employed for at least 1 year at one of the
utilities. Secondly, to make the two mortality
studies more comparable, only the underlying
causes of death were included in the compara-
tive analysis. Thirdly, to allow for additional
time for the disease to progress from diagnosis
to death, in defining exposure windows (see
statistical approach section) the period be-
tween exposure and identification of the case
was taken to be 2 years longer for mortality
than for incidence data. Fourthly, to be
consistent with other studies, we converted
cumulative exposure to magnetic fields, which
had been estimated by the original UNC pres-
entation based on the proportion of hours
spent at work, into conventional microtessla-
years (µT-years) of exposure. Previous analyses
of the Canada-France study had also included
historical corrections for changes in work prac-
tices that could have influenced past exposures.
Although these corrections had negligible
eVects on the results, they were used in the
comparative analysis as well as for the EdF and
HQ cohorts. Adjustment for occupational
exposures other than magnetic fields did not
confound the results of the individual studies;
thus no adjustment was made for them in these
analyses. As measurements of electric fields
were available only for the Canada-France
study, they were not examined in the compara-
tive analysis.

The original SCE analyses included occupa-
tional information on exposure assessment
from death certificates when this information
was missing in work histories. For comparabil-
ity, subjects without occupational histories
from personnel records were excluded in most
of the comparative analyses. To evaluate
whether this exclusion aVected results, alterna-
tive analyses that included subjects with occu-
pational information from death certificates
were conducted.

STATISTICS IN COMPARATIVE ANALYSES

Although some studies presented analyses
based on duration of employment in various job
categories, here we emphasise analyses based
on estimated cumulative exposure in µT-years.
All studies were analysed with conditional

logistic regression as matched case-control
studies. For the UNC study, the controls for a
case included all subjects who matched the case
for year of birth and race, who remained alive to
the date of death of the case, and who had been
employed at the same utility for at least 1 year
before the death of the case.

All analyses were adjusted for socioeconomic
status and matching variables. The adjustment
for socioeconomic status was accomplished by
including a main eVect for socioeconomic sta-
tus in the model, or by matching socioeco-
nomic status.

The general model was one in which the
odds ratio, or relative risk, was given by exp(â
z), where z is either an indicator for an
exposure category or a quantitative measure of
exposure. For simplicity, we will refer to our
odds ratio estimates as relative risks, defined as
the ratio of incidences specific for age, race, and
socioeconomic status, and assumed to be con-
stant over these variables. For exp(â) 95% con-
fidence intervals (95% CIs) were based on the
standard error for â. With the exception of
SCE, these analyses were conducted with the
PECAN module of the software package
EPICURE,11 and statistical tests were based on
the likelihood ratio statistic. For SCE, analyses
were conducted by SCE investigators with the
PECAN module of the software package
EGRET,12 and tests were based on the
estimates divided by their asymptotic standard
errors. Results of statistical tests are presented
only for the quantitative index of exposure and
are one tailed. For analyses based on cumula-
tive exposure, z was scaled so that exp(â) could
be interpreted as the relative risk/10 µT-years
(roughly equivalent to working as a lineman for
5 years), a convenient metric for expressing
risks. For analyses based on exposure intensity,
z was scaled so that the exp(â) could be inter-
preted as the relative risk/µT.

For the Canada-France and UNC studies,
socioeconomic status was based on the work-
er’s job at the start of employment with five and
four categories of socioeconomic status, re-
spectively. The socioeconomic status classifi-
cation from the UNC study was adopted and
applied to the SCE data. The original UNC
study included an adjustment for active work,
and the EdF study eVectively adjusted for this
variable as only the active period of employees
was included.

Exposure windows included the 1–10 years
before diagnosis (or 3–12 years before death),
and exposure >10 years before diagnosis (>12
years before death). The windows are referred
to as the >1, 1–10, and >10 exposure windows,
where the >1 window is the combination of the
1–10 and >10 windows. As well as cumulative
exposure, analyses of average exposure inten-
sity are presented for the >1 window, where
exposure intensity is defined as the cumulative
exposure divided by the duration of employ-
ment in the >1 exposure window.

Emphasis was placed on estimates and tests
based on treating exposure as a continuous
variable. Under the assumption that risk is a
monotonically increasing function of exposure,
continuous analyses provide the most sensitive
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evaluation of eVects. Also, they avoid the arbi-
trariness of choosing particular exposure cat-
egories. The estimates of the relative risk/10
µT-years also provide a measure of risk that is
comparable across studies where the magni-
tudes of exposure vary substantially. Relative
risks by categories defined by the same cut oV
points for all studies are also presented.
Relative risks based on exposure distribution
percentile scores of 50–75, 75–90, and >90 for
individual studies relative to <50th percentile
were also calculated, and are presented graphi-
cally. Because exposure levels for the <50th
percentile category diVer by study, these
relative risks are not strictly comparable across
studies. Nevertheless, they are useful in show-
ing how the exposures and risks vary by study.
We also explored the influence of several
diVerent analytical and design decisions on the
study results.

Although we were not able to obtain the data
for the Ontario Hydro cohort, we used
published results13 14 to obtain comparable esti-
mates. The 1996 publication14 has the advan-
tage that it is based on data updated to include
cases missed initially, but more detailed results
were available in the earlier report,13 particu-

larly for leukaemia. Details on these calcula-
tions are given in footnotes to the tables. We
summarised these data by providing risk
estimates based on combined data from all
studies. These combined estimates are based
on an approach described by Whitehead and
Whitehead15 that takes into account possible
heterogeneity in the findings. Combined esti-
mates are calculated by weighting the indi-
vidual estimates by their inverse variances.
With this combined estimate, a ÷2 statistic test-
ing for heterogeneity is then calculated. If this
÷2 statistic exceeds its degrees of freedom, a
parameter ô2 that measures variability across
studies can be estimated. The estimated ô2 is
then used to obtain new weights and confi-
dence limits that include this additional
variability. If the ÷2 statistic is less than its
degrees of freedom there is clearly no evidence
of heterogeneity, and weighting studies by their
inverse variances, which is equivalent to taking
ô2=0, is recommended.

Results
Although the studies vary with respect to
structure (table 1) and details of magnetic field
and confounder assessment (table 2), in critical

Table 1 comparison of the design of the studies included in the comparative analysis

Investigator
(date) Utility/study

Design Outcome

Type of study Cohort size Follow up*
Inclusion and follow
up criteria

Minimum
employment

Exposure
windows (y)

Controls
/ case Type Main focus Cases

Sahl et al
(1993)4

Southern
California
Edison (SCE)

Nested†,‡
Case-control

36 221 1960–88 Included females;
included contributing
causes of death in
case-control analyses

1 y 2–10 10 Mortality Leukaemia 44
5–10 Brain cancer 32
2–20 Lymphoma 67
5–20

Thériault et
al (1994)6

Electricite de
France (EdF)

Nested†,‡
Case-control

170 000 1978–89 No follow up beyond
retirement

1 y 0–5 4 Incidence Leukaemia 71
0–20 Brain cancer 60
20+ Melanoma 31

Ontario
Hydro (OH)§

31 543 1970–89 Only pensioners for
first 3 ys of follow up

1 y 0–5 4 Leukaemia 45
0–20 Brain cancer 24
20+ Melanoma 57

Hydro
Quebec (HQ)

21 749 1970–89 1 y 0–5 4 Leukaemia 24
0–20 Brain cancer 24
20+ Melanoma 18

Savitz and
Loomis
(1995)5

5 US Utilities
(UNC)

Cohort 138 905 1950–88 6 months 2–10 — Mortality Leukaemia 164
10–20 Brain cancer 151
20+

*Duration of follow up ranged from 12 years for the EdF cohort to close to 40 years for the UNC study.
†Full cohort used to evaluate job category and duration of employment, nested case-control design used to evaluate quantitative exposure measurements.
‡In all of the case-control studies, controls were required to be similar to the case for year of birth, race, and sex, and were required to have remained at risk to the
calendar year of diagnosis (or death) of the case.
§Based on the original publication.

Table 2 Comparison of exposure assessment used by the studies included in the comparative analysis

Investigator
(date) Utility Sampling Instrument*

Occupational
categories (n)

Measurements
(n)

Median
exposure
(µT- years)

Historical
correction†

Control for other
exposures‡

Analyses
based on
job titles Comments

Sahl et al
(1993)4

Southern California
Edison (SCE)

Convenience EMDEX 35 776 3.5 No No Yes 17%–20% lacked
detailed occupational
information

Thériault
et al
(1994)6

Electricite de
France (EdF)

Convenience Positron 37 829§ 2.2 Yes SES, IARC list
of potential
carcinogens¶

No OH study location
(as well as job titles)
was used to define
the occupational
categories

Ontario Hydro
(OH)

48 771§ 4.9

Hydro Quebec
(HQ)

32 466§ 6.3

Savitz and
Loomis
(1995)5

5 US Utilities
(UNC)

Random AMEX 28 2842 1.1 No SES, PCB,
solvents;
excluded
nuclear workers

Yes

*AMEX is capable of measuring only time weighted average (TWA) magnetic fields; EMDEX 2 and Positron are capable of measuring both electric and magnetic
fields on a continuous basis (every few seconds).
†Adjustment of the current measurements based on known changes in work practices; these adjustments lead to only minor changes in exposure or risk estimates.
‡Except for ionising radiation, estimates of occupational exposures were based on expert judgments.
§Number of workers with 5 workday measurements.
¶Including ionising radiation, chemical agents, and sunlight; information on smoking was available only for the HQ cohort.
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ways they are quite compatible for comparative
analyses. An informal assessment of the meth-
ods could not readily explain the disparate
published results (table 3).

AGE, SOCIOECONOMIC STATUS, AND EXPOSURE

Figure 1 shows the distributions of duration of
employment, intensity of exposure, and cumu-
lative exposure. These distributions were based
on all brain cancer and leukaemia cases and
controls for EdF, HQ, and SCE, and on all
deaths for UNC. Duration of employment was
fairly similar for the study groups, but distribu-
tion of the exposure intensity varied substan-
tially. The EdF group had the lowest mean
exposure (0.2 µT), probably due to the fact
that it included full time or part time gas work-
ers. The UNC and HQ groups had similar
mean exposure intensities (0.4 µT). The high-
est mean exposure intensity was in the SCE
group (0.8 µT). From the published data, it
seems that exposure intensity for the OH group
was similar to that of the HQ and UNC groups.
Due to many workers with high exposures, the
SCE cohort contributed much information
despite its small size.

BRAIN CANCER

For cumulative exposure in the >1 window,
UNC and OH had the highest relative risks/10
µT-years (table 4). The strongest association
was found in the UNC analyses of intensity of
exposure or cumulative exposure in the 1–10
window.

Table 5 shows relative risks and numbers of
cases for categories defined by cumulative
exposure in the >1 year window. The number
of cases in the higher exposure categories for
UNC was considerably larger than for the
other studies. Some evidence of an increase in
relative risks with increasing exposure catego-
ries was found in the EdF, UNC, and OH
studies, but 95% CIs were wide, especially for
the EdF and OH studies. All studies but the
SCE showed increased relative risks in the >16
µT-years category. Also, UNC showed a
consistent increase in risk for the 1–10 year
exposure window, with estimated relative risks
of 1.0, 1.3, 1.6, and 4.4 for categories defined
by the respective cut oV points 0, 1, 2, and >4
µT-years (data not shown). The UNC study,
unlike the others, also showed a reasonably
consistent increase in risk for categories of
average intensity of exposure, with estimated
relative risks of 1.0, 1.1, 1.3, and 2.2 for
categories defined by the respective cut oV
points 0, 0.2, 0.4, and >1.0 µT (data not
shown).

To allow a more direct comparison of the
magnitude of risk with the magnitude of expo-
sure, we present results based on cumulative
exposure to magnetic fields (µT-years) percen-
tile scores of 50–75, 75–90, and >90, defined
within the individual studies (fig 2). These
results show similar patterns to analyses based
on fixed cut oV points, shown in table 5. How-
ever, the trend within studies seems stronger
than the overall trend for all studies. For exam-
ple, the 90th percentile of cumulative exposure
for SCE was almost an order of magnitude
higher than EdF (46 v 5 µT-years), with diVer-
ences in the baseline categories of only 5,

Table 3 Comparison of the published results of the studies included in the comparative
analysis*

Study Exposure† / referent

Leukaemia Brain

RR 95% CI RR 95% CI

Sahl et al (1993)4:
SCE Per 25 µT-years 1.1 0.8 to 1.5 0.8 0.5 to 1.4

Thériault et al (1994)6 >90%−<50% 1.8 0.8 to 4.0 2.0 0.8 to 5.0
EdF 1.9 0.5 to 7.8 — —
OH 3.6 0.9 to 14.3 5.5 0.6 to 50.6
HQ 0.5 0.04 to 3.8 1.7 0.3 to 9.7

Savitz and Loomis (1995)5 >90%−<30%
UNC 1.1 0.6 to 2.1 2.3 1.2 to 4.6

*All studies presented ORs (or RRs) for categories defined by cumulative exposure, but the defi-
nition of these categories diVered. For the studies of Thériault et al, the categories were defined by
the 50th, 75th, and 90th percentiles of the combined data from the three studies included. For the
UNC study, the categories were defined by the 30th, 50th , 70th, and 90th percentiles for all
deaths, whereas for the SCE study the results were presented for the mean, median, and 99th per-
centiles.
†The 90th percentile for the study of Thériault et al =15.7 µT-years, and the 90th percentile for
the study of Savitz and Loomis=4.3 µT-work-years, based on the proportion of hours spent at
work, or 19.1 µT-years.

Figure 1 Distributions of duration of employment, intensity of exposure, and cumulative exposure by study.
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although the relative risk for these categories
was the same (RR=2.1).

Several alternative approaches were applied
to these data. They included restricting analy-
ses to subjects employed for at least 10 years,
dropping the adjustment for socioeconomic
status, adding stratification on active work sta-
tus, including experience only for 1970 and
later (as follow up did not begin until 1970 for
the EdF, HQ, and OH cohorts), adding work-
ers from the SCE cohort with exposure
estimates based on occupational information
obtained from death certificates (as in4), and
including benign brain tumours (available only
for HQ and UNC). None of these approaches
modified results in any important way.

LEUKAEMIA

Overall, the studies showed little or no relation
between continuous magnetic fields and leu-
kaemia (table 4). The SCE study suggested a
relation between exposure (p=0.08) and leu-
kaemia for the >1 exposure window, which

came about because of increased risks in the
two highest exposure categories of >8 µT-years
(table 5). The largest relative risk/10 µT-years
for the >1 exposure window was for OH 2. This
result was larger than that obtained from earlier
data, but this might be explained by differences
in the methods of calculation.

The relative risks by exposure category
(table 5 and fig 3) did not indicate clear
exposure-response patterns. However, for all
studies except HQ, relative risks were increased
in the >16 µT-years category and in the >1 µT
category for exposure intensity (not shown).
Also, OH showed increased risks for all of the
categories >4 µT-years , and figure 3 shows a
fairly consistent increase for SCE. The relative
risks for OH (based on the early data) were
larger than those for the other studies, and were
larger than the relative risk based on the later
OH data.

The alternative analytical approaches evalu-
ated for risk of brain cancer were also applied
to the leukaemia data. Again, these decisions

Table 4 Continuous analyses by exposure windows

Study

Cumulative exposure (µT-years) Exposure intensity (µT)

>1 Window 10 Window >10 Window >1 Window >1 Window

Continuous* Score† Continuous*

RR 95% CI p Value‡ RR 95% CI p Value‡ RR 95% CI p Value‡ RR 95% CI p Value‡ RR 95% CI p Value‡

Brain:
EdF 1.06 0.75 to 1.49 0.37 0.78 0.21 to 2.90 0.65 1.14 0.73 to 1.77 0.28 1.66 0.97 to 2.80 0.04 1.16 0.52 to 2.60 0.36
HQ 1.05 0.66 to 1.52 0.40 1.14 0.36 to 3.60 0.42 1.06 0.66 to 1.71 0.40 1.08 0.72 to 1.62 0.36 0.94 0.34 to 2.60 0.55
UNC 1.20 0.99 to 1.46 0.04 2.55 1.42 to 4.60 0.002 1.14 0.89 to 1.46 0.16 1.24 1.00 to 1.55 0.03 2.56 1.52 to 4.30 < 0.001
SCE 0.99 0.75 to 1.32 0.52 0.90 0.47 to 1.72 0.62 1.01 0.75 to 1.37 0.47 1.04 0.77 to 1.41 0.41 1.28 0.65 to 2.50 0.24
OH(1)§ 1.44 0.89 to 2.31 0.07
OH(2)¶ 1.46 0.76 to 2.79 0.13

Leukaemia:
EdF 1.04 0.72 to 1.50 0.42 0.69 0.14 to 3.40 0.69 1.11 0.70 to 1.75 0.34 0.72 0.36 to 1.43 0.83 1.16 0.48 to 2.80 0.37
HQ 0.81 0.46 to 1.42 0.78 0.90 0.22 to 3.60 0.56 0.72 0.34 to 1.55 0.82 0.92 0.57 to 1.66 0.61 0.31 0.05 to 1.98 0.92
UNC 1.02 0.84 to 1.24 0.42 1.46 0.68 to 3.10 0.34 1.00 0.80 to 1.24 0.50 1.03 0.83 to 1.27 0.79 1.49 0.86 to 2.60 0.17
SCE 1.12 0.95 to 1.33 0.08 1.03 0.75 to 1.42 0.42 1.14 0.94 to 1.39 0.10 1.13 0.94 to 1.37 0.09 1.39 0.84 to 2.30 0.10

OH(1)**
1.09 0.86 to 1.37 0.24

OH(2)¶ 1.25 0.75 to 2.08 0.20

*These analyses treat exposure as a continuous variable. RRs presented are / 10 µT-years for cumulative exposure and / 1µT for exposure intensity
†These analyses are based on scores assigned to each of the four categories indicated in table 5.
‡One tailed p value for the trend test based on the continuous data.
§Based on Thériault et al,13 table 3.4, and obtained with weighted linear regression of the ORs on exposure.
¶Based on Miller et al,14 table 4, and obtained with weighted linear regression of the ORs on exposure, with the two exposure categories shown under OH(2) in table
4.
**Based on Thériault et al,13 table 3.10, and scaled in units of 10 µT-years.

Table 5 Analyses by cumulative exposure*

Study

Cut oV points (µT-years)

0–4 4–8 8–16 >16

n RR n RR 95% CI n RR 95% CI n RR 95% CI

Brain:
EdF 49 1.0 5 1.3 0.4 to 3.9 3 1.3 0.3 to 5.5 2 1.7 0.3 to 9.7
HQ 8 1.0 8 2.8 0.6 to 12.2 2 0.5 0.1 to 3.2 6 1.5 0.3 to 6.9
UNC 62 1.0 35 1.3 0.8 to 2.0 22 1.2 0.7 to 2.0 23 2.1 1.2 to 3.6
SCE 8 1.0 2 0.4 0.1 to 2.3 3 0.5 0.1 to 2.8 7 0.6 0.1 to 3.0
OH (1)† 7 1.0 13 1.1 0.2 to 5.1 4 5.5 0.6 to 51.6
OH (2)‡ 7 1.0 7 1.3 0.3 to 5.4 10 2.4 0.5 to 10.8

Leukaemia:
EdF 62 1.0 6 2.1 0.7 to 6.1 1 .5 0.1 to 3.8 3 1.9 0.5 to 7.8
HQ 7 1.0 6 0.3 0.1 to 1.3 8 0.9 0.2 to 3.8 3 0.6 0.1 to 3.3
UNC 69 1.0 41 1.1 0.7 to 1.8 26 1.0 0.6 to 1.7 22 1.4 0.8 to 2.4
SCE 6 1.0 3 1.0 0.2 to 4.8 7 1.6 0.4 to 6.4 15 1.5 0.4 to 6.3
OH (1)§ 9 1.0 13 2.6 0.9 to 7.3 17 6.6 2.0 to 22.0 6 3.6 0.9 to 14.3
OH (2)‡ 10 1.0 16 1.7 0.6 to 4.8 24 1.6 0.5 to 5.1

*Based on >1 exposure window.
†Based on Thériault et al (1994),13 table 3.4, and calculated from ORs presented for the >3.1 and >15.7 category.
‡Based on publication of Miller et al14 (cut oV points: 0 to 3.1, 3.1 to 7.1, >7.1 µT-years).
§Based on Thériault et al (1994),13 table 3.10 (cut oV points: 0−3.1, 3.1–6.9, 6.9–15.7, >15.7 µT-years).
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did not seem to have a substantial influence on
the results. Separate analyses of acute myeloid
leukaemia (AML) and chronic lymphocytic
leukaemia (CLL) were conducted. These
analyses were not very informative because of
small numbers; however, they provided no
indication that results for these subtypes
diVered from results for all leukaemias.

COMBINED ANALYSES

Table 6 shows results of analyses based on
combined data. Because we could use only
published OH data, we have shown the results
both with and without them. Evidence of
heterogeneity was found only in analyses by
exposure category for leukaemia when the OH

data were included. We accordingly allowed for
this heterogeneity.

Whether or not the OH data were included,
the estimated relative risks/10 µT-years were
similar for brain cancer and leukaemia—about
1.1 in both cases. Without the OH data, the
relative risks by exposure category did not
show a consistent increase with exposure, but
the relative risk was highest in the >16 µT-years
category. Adding the OH data did not greatly
modify the results for brain cancer but did
increase the relative risks for leukaemia,
especially in the intermediate exposure catego-
ries.

The inverse variances that were used to
weight the individual estimates provide a rough
measure of the relative contribution of the
various studies (table 6, footnote*). The large
contribution of the SCE study is perhaps espe-
cially surprising, given the few cases (table 5),
and can be attributed to the large exposures in
this study. However, the inverse variances (and
the SCE estimates) may have been influenced
by a few cases with large exposures. The
relatively small contribution of the OH study
may result in part from the fact that, unlike
estimates in the other studies, this estimate was
based on means of three or four exposure cat-
egories rather than on continuous data.

Discussion
Our analyses clearly show that what previously
seemed to be important diVerences in results
across studies were not a result of analytical
methods but may well have resulted from
chance fluctuation, and that all studies are
compatible with a weak association between
magnetic fields and both brain cancer and leu-
kaemia. The wide 95% CIs show the large
uncertainty in many of the estimated risks,
especially those from the smaller studies with
lower exposures. Formal tests for heterogeneity
also support statistical variation as a possible
explanation for the diVerences among studies.
In fact, the heterogeneity tests for variability
among the estimated relative risks/10 µT-years
yielded p values >0.5 for both brain cancer and
leukaemia. Nevertheless, because such tests
have limited power, the possibility of diVer-
ences resulting for reasons other than chance
cannot be ruled out.

Figure 2 Brain cancer analysis of cumulative exposure
based on the percentiles of the distribution. Risk shown for
50–75, 75–90, and >90 percentiles of distribution for each
study with <50 as a comparison, from the >1 exposure
window.There were no cases in the 75–90th percentile
category for SCE.
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Figure 3 Leukaemia analysis of cumulative exposure
based on the percentiles of the distribution. Risk shown for
50–75, 75–90, and >90 percentiles of distribution for each
study with <50 as a comparison, from the >1 exposure
window.
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Table 6 Combined analyses

Study

Cumulative exposure (µT-years)

Continuous 0–4 4–8 8–16 >16

RR* 95% CI p Value† X2‡ n RR n RR 95% CI n RR 95% CI n RR 95% CI

Brain:
Excluding OH 1.11 0.97 to 1.27 0.07 1.38 127 1.0 50 1.29 0.89 to 1.91 30 1.06 0.66 to 1.69 38 1.78 1.11 to 2.86
With OH(1) 1.12 0.98 to 1.28 0.05 2.05 134 1.0 42 1.87 1.17 to 2.98
With OH(2) 1.13 0.99 to 1.29 0.03 2.45 134 1.0 57 1.33 0.92 to 1.93

Leukaemia:
Excluding OH 1.09 0.97 to 1.23 0.07 2.74 144 1.0 56 1.07 0.57 to 2.01 42 1.00 0.65 to 1.55 43 1.35 0.85 to 2.14
With OH(1) 1.09 0.98 to 1.21 0.05 2.74 153 1.0 69 1.26 0.70 to 2.26 59 1.44 0.64 to 3.24 49 1.48 0.96 to 2.30
With OH(2) 1.10 0.98 to 1.23 0.05 2.99 154 1.0 72 1.18 0.73 to 1.90

*RRs presented are / 10µT-years, based on estimates from individual studies, weighted by the inverse variance. For brain cancer (adjusted so they sum to unity) they
were: 0.15 for EdF, 0.13 for HQ, 0.47 for UNC, 0.22 for SCE, and 0.04 for OH. The corresponding weights for the leukaemia analyses were: 0.08 for EdF, 0.03 for
HQ, 0.29 for UNC, 0.39 for SCE, and 0.20 for OH.
†One tailed p value for the trend test based on the continuous data.
‡This statistic provides a test for heterogeneity among the studies, and is approximately distributed as a ÷2 statistic with three degrees of freedom with OH excluded
and 4 df with OH included; in all six cases the p values associated with this test were >0.5.
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By pooling results we were able to obtain
more statistically precise estimates of risk for
the electric utility workers than were previously
available. The combined risk estimates for both
brain cancer and leukaemia were small, with
the evidence for a positive association slightly
stronger for brain cancer than for leukaemia.
Although an association with brain cancer was
previously reported only by the UNC study, in
fact all but the SCE study showed positive gra-
dients. The summary result suggests a small
positive association (relative risk 1.12/10 µT-
years, 95% CI 0.98 to 1.28), although this sup-
port must still be regarded as tenuous. For leu-
kaemia, only OH had previously reported an
association. Although the EdF, HQ, and UNC
studies provide little evidence of a positive
trend for leukaemia, the addition of the positive
estimate for SCE resulted in a weak associ-
ation, with a best estimate of a relative risk of
1.09/10 µT-years of exposure (95% CI 0.98 to
1.21). In general, by showing that estimates
from the individual studies were statistically
compatible and by showing overall positive
associations for both brain cancer and leukae-
mia, this comparative analysis has at least
slightly strengthened the case for an association
of these diseases and exposure to magnetic
fields.

The selection of studies for this analysis was
based on the availability of quantitative expo-
sure measurements and on a focus on electric
utility employees. This focus was meant to
enhance comparability among studies by con-
centrating on an industry that is considered to
have a potential for high exposures, a fairly
stable workforce, and common work practices
which have not undergone major changes. The
study comparability was further improved by
eliminating or minimising diVerences through
a common approach to data analysis. The
inability to re-evaluate original OH data repre-
sents a limitation of this comparative eVort,
especially because of the relatively strong asso-
ciations reported for the OH cohort. To
minimise the impact of this limitation, we
incorporated published results of the OH
cohort whenever possible.

To facilitate comparison among studies, the
relation between the cumulative exposure to
magnetic fields and the risk of brain cancer and
leukaemia was expressed as a relative risk/10
µT-years. It should be stressed that this value
must be used with caution for the purpose of
risk assessment or in response to public
concern, because it is based only on the data at
hand and does not include other relevant
scientific information that would be crucial in
any risk assessment eVort. Furthermore, the
risk estimates should not be used to extrapolate
to exposure levels higher than those in the data
from which the value was derived.

Our results are compatible with the several
meta-analyses that included many more di-
verse studies.2–17 These analyses also suggested
a small increase in risk for both brain cancer
and leukaemia. Three studies of utility employ-
ees not included in this re-analysis did not
report an association for brain cancer7–9 or
leukaemia.7 9 Our analysis of leukaemia sub-

types was limited by small numbers and by
reliance on mortality data in two cohorts;
nevertheless, we found no indication of an
association with chronic lymphocytic leukae-
mia either in individual studies or in compari-
son with overall leukaemia or acute myeloid
leukaemia.

Some findings for individual studies had not
been reported previously. In the UNC study,
the strong association of brain cancer with
exposure intensity is a new finding. In the SCE
study, a suggestive association was found in our
analysis of leukaemia, although none was
found in analyses by Sahl et al.4 In this instance,
there were several important distinctions,
including restricting analyses to men, to
leukaemia assigned as the underlying cause of
death, and to subjects with occupational histo-
ries, as well as with continuous measures of
cumulative exposure. Since the OH study is
often perceived as primarily providing evidence
for an association with leukaemia, it is of inter-
est that this study has a larger point estimate of
the risk/10 µT-years for brain cancer than did
the UNC study. However, non-significantly
increased risks of brain cancer in higher expo-
sure categories were also reported
previously.6 18

Exposure assessment is perhaps the most
challenging aspect of research into EMFs, and
an important concern in combining data is the
comparability of exposure assessment meth-
ods. Both exposure meters and sampling
methods diVered among the studies (table 2).
It is possible, for example, that the higher
exposures in the SCE cohort (fig 1) are in part
due to the use of convenience sampling in esti-
mating exposures for these subjects. Also, it has
been argued that the use of data on both job
category and job site in the OH study may have
led to less misclassification of dose than in
other cohorts in which only job category data
were used. In fact, Miller et al18 found that
omitting the use of job site data substantially
lessened the evidence for a dose-response rela-
tion in the OH study. In our study, we found no
evidence of heterogeneity among studies in the
estimated risks/10 µT-years, but the possibility
of diVerences in methods of measuring expo-
sure aVecting the results remains a considera-
tion.

Miller et al18 found evidence that exposure to
electric fields may have been a stronger risk
factor for leukaemia than exposure to magnetic
fields in the OH cohort. Also, a study of expo-
sure to electric fields in the EdF cohort found
an association with risk of brain cancer (but not
leukaemia),19 although earlier analyses based
on exposure to magnetic fields had not identi-
fied such a correlation.6 Because quantitative
measurements of electric fields were not avail-
able for all of the other cohorts, we were unable
to examine this issue.

Due to inherent limitations in the data, we
were unable to adequately evaluate several fac-
tors that might have led to diVerences in
results. These include study of cancer inci-
dence v mortality, diVerences in the social and
demographic composition of the cohorts,
diVerences in other occupational exposures
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(including ionising radiation and electric
fields), and diVerences in the range and level of
exposures.

Despite the substantial methodological dif-
ferences in the original studies, we were able to
achieve a level of comparability that allowed a
direct and informative comparison of study
results. Generalising results from the diVerent
studies in parallel format has made it easier to
compare them and to examine the relative con-
tributions of individual studies, both in terms
of numbers of cases and magnitudes of the
exposures. Analysing the data from all studies
in a comparable way has shown that apparent
diVerences among studies are unlikely to be
due to diVerences in the statistical approaches
taken by various investigators. These diVer-
ences are less striking and less statistically pre-
cise than they had seemed in the original pub-
lications. Exploration of the impact of different
methodological choices has indicated that
results are generally insensitive to these
choices. Nevertheless, we cannot exclude the
possibility that the fluctuations in risks among
studies may reflect real diVerences, including
diVerences in measuring exposure.
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